Various misfolded and aggregated neuronal proteins commonly coexist in neurodegenerative disease, but whether the proteins coaggregate and alter the disease pathogenesis is unclear. Here we used mixtures of distinct prion strains, which are believed to differ in conformation, to test the hypothesis that two different aggregates interact and change the disease in vivo. We tracked two prion strains in mice histopathologically and biochemically, as well as by spectral analysis of plaque-bound PTAA (polythiophene acetic acid), a conformation-sensitive fluorescent amyloid ligand. We found that prion strains interacted in a highly selective and strain-specific manner, with (1) no interaction, (2) hybrid plaque formation, or (3) blockage of one strain by a second (interference). The hybrid plaques were maintained on additional passage in vivo and each strain seemed to maintain its original conformational properties, suggesting that one strain served only as a scaffold for aggregation of the second strain. These findings not only further our understanding of prion strain interactions but also directly demonstrate interactions that may occur in other protein aggregate mixtures.
Introduction
Neurodegenerative diseases are progressive and debilitating disorders that commonly reveal the cooccurrence of multiple neuronal protein aggregates, such as amyloid-␤ (A␤) and ␣-synuclein (Selikhova et al., 2009) , A␤ and tau (Small and Duff, 2008) , and A␤ and misfolded prion protein, PrP Sc (Muramoto et al., 1992; Debatin et al., 2008; Ghoshal et al., 2009 ). Tau and ␣-synuclein not only associate (Schmidt et al., 1996; Marui et al., 2000) but are also synergistic and promote the polymerization of each other into fibrils (Giasson et al., 2003) . Similarly, oligomers of A␤ and ␣-synuclein form hybrid aggregates (Tsigelny et al., 2008) and A␤ promotes ␣-synuclein aggregation (Masliah et al., 2001) . A␤ aggregates also accelerate prion disease onset in mice (Morales et al., 2010) .
In naturally occurring prion disease, multiple biochemically and histologically distinct subtypes can coexist within an individual. In sporadic Creutzfeldt-Jakob disease (sCJD), two subtypes were found to reside in 30 -50% of cases (Puoti et al., 1999; Polymenidou et al., 2005; Uro-Coste et al., 2008; Cali et al., 2009) .
Prion infection offers an interesting model for investigating protein aggregate interactions since mammalian prion strains are believed to exist in distinct, stably propagating conformations. Prions catalyze their own propagation by recruiting and converting the normal prion protein, PrP C , into additional PrP Sc (Prusiner, 1982) .
Strains have different proteinase K (PK)-resistant PrP
Sc core sizes (Bessen and Marsh, 1992; Polymenidou et al., 2005) , stability in chaotropes (Peretz et al., 2002) , and relative antibody binding to unfolded and folded PrP states (Safar et al., 1998) . Clinically, the strains vary in brain regions targeted, even within the same species expressing identical PrP C molecules Dickinson, 1968, 1973; Bruce et al., 1989) . Inhibition of one prion strain by a second strain occurs in select prion strain mixtures (Dickinson et al., 1972; Bartz et al., 2007) .
We have previously shown that prion strains can be distinguished in brain sections using conformation-sensitive luminescent conjugated polymers (LCPs) as amyloid-specific ligands (Sigurdson et al., 2007) . LCPs contain a flexible polythiophene chain that can freely rotate and lock into a conformation depending on the molecule bound (Nilsson et al., 2003) . Hence a specific spectral signature can be achieved from the LCP bound to a distinct molecular target (Nilsson et al., 2004) . The LCP spectral profiles have been used to distinguish AL (amyloid light chain), serum AA (amyloid A), and TTR (transthyretin) in human patients (Nilsson et al., 2010) , and heterogenic A␤ aggregates in the brains of transgenic mice .
Here we used an anionic LCP, polythiophene acetic acid (PTAA), to investigate whether distinct prion strains interact and change the disease pathogenesis. We inoculated mice with two prion strains having known PTAA emission spectra and tracked the interaction of the PrP Sc aggregates at terminal disease. We found that prion strains can exist independently or form hybrid plaques, depending on the combination of prion strains involved. In specific brain regions, a prion strain could serve as a scaffold for a second strain or show an inhibitory effect on the replication of a second strain.
Materials and Methods
Prion inoculations. Male and female tga20 transgenic mice, which overexpress murine PrP (Fischer et al., 1996) , were intracerebrally inoculated into the left parietal cortex with 30 l of 1% brain homogenate from fourthpassage mouse-adapted chronic wasting disease (mCWD) maintained in tga20 mice that was originally derived from a naturally infected mule deer, second-passage natural sheep scrapie (mNS) in wild-type (WT) mice, or second-passage bovine spongiform encephalopathy (mBSE) in WT mice. Strain development and characterization have been previously described (Sigurdson et al., 2006 (Sigurdson et al., , 2007 . For mixture experiments, strains were mixed 50:50 by volume and inoculated intracerebrally. Mice were monitored every second day, and transmissible spongiform encephalopathy was diagnosed according to clinical criteria including ataxia, kyphosis, stiff tail, and hindleg paresis. Mice were killed at the onset of terminal disease. Mice were maintained under specific pathogen-free conditions, and all experiments were performed in accordance with the animal welfare guidelines of the Kanton of Zurich or the University of California, San Diego.
Western blots. The 10% brain or spleen homogenates were prepared in PBS using a Ribolyzer. Extracts of 50 -90 g of protein were diluted with a Tris-based buffer (10 mM Tris, 10 mM EDTA, 100 mM NaCl, 0.5% NP-40, and 0.5% deoxycholate) and digested with 100 g/ml proteinase K for 30 min at 37°C. An LDS (lithium dodecyl sulfate)-based buffer was then added, and the samples were heated to 95°C for 5 min before electrophoresis through a 12% Bis-Tris precast gel (Invitrogen), followed by transfer to a nitrocellulose membrane by wet blotting. Proteins were detected with anti-PrP antibody POM1 (epitope in the globular domain, amino acids 121-230) or POM2 (epitope on the octarepeats: amino acids 58 -64, 66 -72, 74 -80, 82-88) (Polymenidou et al., 2008) . For secondary detection, we used an HRP-conjugated antimouse IgG antibody (Zymed; Invitrogen). Signals were visualized with the ECL detection kit (Pierce).
Histopathology and immunohistochemical stains. Two-micrometer-thick sections were cut onto positively charged silanized glass slides and stained with hematoxylin and eosin, or immunostained using antibodies for PrP (SAF84), astrocytes (GFAP), or microglia (Iba1). For PrP staining, sections were deparaffinized and incubated for 6 min in 98% formic acid, and then washed in distilled water for 5 min. Sections were heated to 100°C in a pressure cooker in citrate buffer, pH 6.0, cooled for 3 min, and washed in distilled water for 5 min. Immunohistochemical stains were performed on an automated Nexus staining apparatus (Ventana Medical Systems) using an IVIEW DAB Detection kit (Ventana). After incubation with protease 1 (Ventana) for 16 min, sections were incubated with anti-PrP SAF84 (SPI Bio; 1:200) for 32 min. Sections were counterstained with hematoxylin. GFAP immunohistochemistry for astrocytes (1:1000 for 24 min; Dako) and Iba1 (1:2500 for 32 min; Wako Chemicals) for microglia was similarly performed, however, with antigen retrieval by heating to 100°C in EDTA buffer, pH 8.0.
Lesion profile. We selected 10 anatomic brain regions in accordance with previous strain typing protocols (Fraser and Dickinson, 1968; Bruce et al., 1991 ) from three to five mice. We evaluated spongiosis on a scale of 0 -5 (not detectable, rare vacuoles, mild, moderate, severe, and status spongiosus). We scored gliosis and PrP immunological reactivity on a 0 -3 scale (not detectable, mild, moderate, severe). A sum of the three scores resulted in the value obtained for the lesion profile for the individual animal. The "radar plots" depict the scores for spongiform change, gliosis, and PrP deposition. Numbers correspond to the following brain regions: (1) dorsal medulla, (2) cerebellum, (3) hypothalamus, (4) medial thalamus, (5) hippocampus, (6) septum, (7) medial cerebral cortex dorsal to hippocampus, (8) medial cerebral cortex dorsal to septum, (9) white matter at cerebellar peduncles, and (10) white matter at cerebral peduncles. Investigators blinded to animal identification performed histological analyses.
LCP staining of tissue sections. The synthesis of PTAA (mean molecular weight, 3 kDa) has been reported (Ding et al., 2000; Ho et al., 2002) . Frozen mouse brain sections were dried for 1 h and fixed in 100% ethanol for 10 min. After washing with deionized water, the sections were equilibrated in the incubation buffer, 100 mM sodium carbonate at pH 10.2. LCPs were diluted in incubation buffer (0.01 g/l), added to the brain sections, incubated for 30 min at room temperature, and washed with incubation buffer.
Fluorescence microscopy. Spectra were collected with a Zeiss Axioplan 2 microscope, fitted with a Spectraview 4.0 (Applied Spectral Imaging) and a Spectra-Cube (interferometrical optical head SD 300) module with cooled CCD camera, through a 405/30 nm (LP 450) or a 470/40 nm (LP 515) bandpass filter. The data were processed with SpectraView 3.0 EXPO. Spectra were collected from 10 individual spots within three to five plaques and from unstained regions and mock-inoculated negative control tga20 mice. Fluorescent spectral unmixing was performed using the function in the software to separate the spectral emission signals. Emission spectra selected from distinct aggregates were arbitrarily assigned to red or green pseudocolors, and only pixels with spectral emissions matching that of the selected aggregate were depicted by the software.
Statistical methods. For spectral collection of PTAA bound to prion aggregates, brain sections were analyzed as follows: 10 individual spots within each of three to five plaques from each case were examined, yielding 30 -50 measurements per mouse. The fluorescent intensity ratios were calculated (intensity at 532 nm/emission maximum, and 532/641), and mean and SD were recorded for each spectral ratio for each individual. An unpaired, two-tailed Student t test was performed using mean values of single animals as observations.
Results

Generation of the strain mixtures
To investigate whether two prion strains can interact and change the pathogenesis of prion disease, we intracerebrally inoculated brain homogenate containing two distinct prion strains into tga20 mice, which overexpress mouse PrP C . We used mouseadapted strains of natural sheep scrapie (mNS), bovine spongiform encephalopathy (mBSE), and chronic wasting disease (mCWD). Each strain mixture consisted of an equal volume of brain homogenate from (1) mNS and mBSE, (2) mNS and mCWD, or (3) mBSE and mCWD. Groups of tga20 mice were inoculated with individual prion strains as controls. The mNSinoculated mice were the first group to develop terminal signs of prion disease, with an average incubation period of 73 d. The mNS mixed with either mBSE or mCWD resulted in a significant delay in the incubation period (85 and 82 d; log rank test; p Ͻ 0.001 and p ϭ 0.002, respectively) ( Fig. 1) . For the mCWD/mBSE mixture, the incubation period was midway between the individually inoculated strains and was not significantly different from the faster mBSE strain ( p ϭ 0.10) (Fig. 1) . Therefore, two of the three strain mixtures significantly delayed the time to terminal prion disease when compared with the most rapid strain.
Neuropathology of mice infected with the strain mixtures
To determine whether the lesion distribution changed in mice inoculated with the prion strain mixture, we mapped the location and severity of the spongiform change, gliosis, and PrP Sc deposits in 10 brain regions. Although the lesion targets of each strain overlapped, there were also strain-specific targets; for example, mBSE affected the thalamus, mCWD affected the cerebral peduncles, and mNS affected the hippocampus. In general, mBSE and mNS targeted similar regions of the brain (Fig. 1) .
The impact of the strain mixture on the lesion distribution depended on the strains inoculated. For mice infected with the mNS/mCWD mixture, the lesion targets in brain nearly exactly matched those of the single mNS rapid strain, but with an increase in lesion intensity in the dorsal medulla and septum (Fig. 1,  regions 1 and 6 ). In contrast, the mCWD/mBSE mixture targeted the combined sites of mBSE and mCWD, suggesting that the strains were replicating independently. The mBSE/mNS mixture generally showed a lesion profile similar to the individual isolates, yet surprisingly, in the hippocampus where the mNS lesions have been severe, the lesions and PrP Sc deposition were hardly detectable in the mixture (Figs. 1, region 5; 2) (mNS vs mNS/mBSE, unpaired Student's t test, p Ͻ 0.001). In other regions, such as the hypothalamus, the PrP Sc deposition was unaffected by the mBSE strain (Fig. 2) . These latter results suggest that the mBSE interferes with the mNS accumulation in the hippocampus.
The three individual prion strains induced the formation of morphologically distinct plaques. mCWD plaques consisted of large (30 -100 m), congophilic, circular plaques with a sharp dense border and occurred primarily in the corpus callosum, meningeal vessels, and near the lateral ventricle (Fig. 3) . In contrast, mBSE and mNS deposits were both composed of abundant diffuse aggregates and rare small congophilic plaques and could not be morphologically distinguished (Fig. 3) . For the mixture of mNS and mCWD, we detected both abundant diffuse aggregates typical of mNS as well as the large mCWD-like corpus callosum plaques. Thus, although the mNS lesion profile was similar to that of the mNS/ mCWD mixture, the mCWD plaques were clearly present (Fig. 3) . The mCWD plaques also occurred in the mCWD/ mBSE mixture (Fig. 3) . Therefore, the strains could be distinguished by plaque morphology in the mCWD/mBSE and mNS/mCWD mixtures, but not in the mNS/mBSE mixtures.
Biochemical features of the strain mixtures
Since we could not identify the individual strains in the mNS/mBSE mixture histologically, we assessed the strain mixture biochemically by the predominant PKresistant PrP Sc core size. After PK digest, mBSE has a much smaller PrP Sc core (19 kDa) and lacks the N-terminal octapeptide repeats compared with mNS, which has a larger core (21 kDa) that contains the repeats. We digested the mNS/mBSE-infected brain with PK and performed Western blots using anti-PrP antibodies POM1 and POM2 that recognize the C or N terminus, respectively. Only mNS is recognized by the POM2 antibody (epitope on the octarepeats: amino acids 58 -64, 66 -72, 74 -80, 82-88) . Of nine mice inoculated with mNS/ mBSE, only one mouse had PrP Sc compatible with a predominance of the mBSE strain (Fig. 4) . Thus, the mNS appeared to prevail in the mNS/mBSE mixture by Western blot.
Tracking strains by the LCP emission spectra
To experimentally test a model in which incompatible strains remain distinct, we tracked the strains in the mixture with our recently developed method using PTAA emission spectra. PTAA is an LCP in which the thiophene rings lock into a specific planarity when bound to prion aggregates. On excitation with light emerging through a 470/40 nm bandpass filter, the PTAA emits spectra of light from wavelengths of 500 -700 nm that are of varying intensities, depending on the prion strain bound. PTAA bound to mCWD plaques emits light with a maximum intensity at ϳ565 nm, whereas PTAA bound to mBSE and mNS emits light with a maximum intensity at ϳ595 and 600 nm, respectively (Fig. 5 A, D,E) . The shorter wavelength of the emission maxima for PTAA bound to mCWD suggests that the polythiophene backbone is nonplanar and loosely packed, whereas the shift of the emission maxima toward longer wavelengths for mBSE and mNS suggests that the backbone is planar and tightly packed. Nonplanar, separated LCP molecules emit light at 530 -540 nm, whereas planar, stacked LCP molecules emit light at 640 -650 nm (Andersson et al., 1997; Berggren et al., 1999; Nilsson et al., 2002) . Therefore, we calculated and plotted the ratio of light intensity emitted at 532/emission maximum (R 532/Emax ) and 532/641 (R 532/641 ) for each prion strain and for the strain mixtures as an indicator of the PTAA conformation (Fig. 5 A, D 
,E).
We performed PTAA staining of frozen brain sections at the level of hippocampus and thalamus of prion-infected and uninfected mice. PTAA bound to mNS/mCWD aggregates showed emission spectra that depended on the plaque location in the brain. The corpus callosum region showed both mCWD-like and mNS-like plaques, whereas plaques in other brain regions displayed PTAA spectral ratios corresponding to mNS (Fig. 5A-C) . The mCWD-like plaques emitted green spectra with emission maxima at ϳ565 nm, whereas the mNS-like plaques exhibited red-shifted PTAA spectra with maxima at ϳ595 nm and a distinct shoulder at longer wavelengths (600 -650 nm). Some of the corpus callosum plaques exhibited concentric layers of color, always with a CWD-like core and a mNS-like periphery (Fig. 5C ). These laminar plaques were detected only in the corpus callosum, suggesting that the mCWD plaques may serve as a scaffold for the mNS in this brain region.
In contrast to the mNS/mCWD mixture, the PTAA emission spectra for the mCWD/mBSE plaques were similar to either that of mCWD or mBSE, suggesting that the strains remained distinct (Fig. 5D ). In the corpus callosum region, we observed only a PTAA spectral profile consistent with mCWD plaques, whereas plaques in other regions showed a profile consistent with mBSE ( Fig. 5 D, F ) . The mNS/mBSE aggregates showed emission spectra that were not significantly different from either mNS or mBSE, and could not be distinguished (Fig. 5 E, G) .
Second passage of mNS/mCWD mNS/mCWD appear to form plaques that contain both strains in the corpus callosum where both the mNS and mCWD plaques typically develop. We would expect that, if mCWD merely serves as a scaffold for mNS and that no mixed hybrid fibrils had formed, a second passage should still reveal PTAA spectral properties of the two independent parent strains. However, if the strains produced mixed fibrils, a third novel strain with a distinct PTAA spectral profile might arise on additional passage. To directly test these predictions, we passaged the brain homogenate from the mNS/mCWD infection into tga20 mice. We found that the incubation period, lesion profiles (Fig. 6 A, B) , and plaque morphology were indistinguishable from the first passage. For the PTAA emission spectra, we again detected an mNS-like spectra emitted from most aggregates, except those at the corpus callosum, which again emitted two different PTAA spectra corresponding to mCWD or mNS (Fig. 6C-E) . Similar to the first passage, we also observed hybrid corpus callosum plaques with a spectra consistent with an mCWD-like core and an mNS-like periphery. Thus, the mNS and mCWD aggregates appeared to be preserved as distinct entities or form the same laminar plaques on second passage, suggesting that the individual fibrils remain homotypic during plaque formation.
Changing the ratio of mNS/mCWD
In comparing the incubation periods, we found that the mNS strain leads to terminal prion disease more rapidly than the mCWD. Therefore, we next tested whether an increase in the ratio of mCWD inocula relative to mNS could affect the incubation period, the lesion profile, or the plaque morphology. A group of mice was inoculated with a mixture consisting of a 10:90 ratio of mNS and mCWD, respectively. The incubation period for the 10:90 mNS/mCWD mixture was significantly longer than that of mice inoculated with the 50:50 mixture (Fig. 6 A) ( p ϭ 0.002). Consistent with having more mCWD aggregates, the histological lesion profile in every brain region became more mCWD-like (Fig. 6 B) . Yet, despite the increase in mCWD in the inoculum, we measured an identical emission profile from the aggregate-bound PTAA, and again we detected distinct mCWDlike and mNS-like plaques or hybrid plaques with a mCWD-like core and a mNS-like periphery in the corpus callosum region of the brain (Fig. 6 F-H ) . Plaques in other regions of the brain again showed a PTAA spectral profile correlating to mNS. Together, these findings indicate that an increase in mCWD led to an increase in lesions to mCWD-targeted brain regions, but the plaque morphologies and emission spectra were unaffected. Brain from mice infected with mNS, mBSE, or an mNS/mBSE mixture were proteinase K-treated and immunoblotted using either C-terminal (POM1) or N-terminal (POM2) anti-PrP antibodies. The PK-treated mBSE core fragment is smaller than the mNS (see top blot) and is not recognized by the POM2 antibody (epitope on the octarepeats: amino acids 58 -64, 66 -72, 74 -80, 82-88) . There was an incomplete PK digest of the sample in lane 7.
Discussion
Prion strain interactions are highly selective Multiple biochemically distinct prion subtypes can cooccur in humans with sporadic CJD (Puoti et al., 1999; Polymenidou et al., 2005; Uro-Coste et al., 2008; Cali et al., 2009) . To determine whether the cooccurrence of prion strains changes the disease, here we directly compared individual and mixed strains in mice, histologically and biochemically. Our data show a remarkable selectivity to the interactions between the two strains. The mCWD/ mBSE strains appear to replicate independently, as the aggregate morphology, PrP Sc distribution, and lesion profile revealed the features of each individual strain, and the incubation period was intermediate between the two strains. Consistent with these findings, the emission spectra of PTAA bound to separate PrP aggregates matched that from the singular mCWD or mBSE infections. In contrast, the mNS/mCWD-inoculated mice developed disease similar to the mNS strain, which was not surprising considering the accelerated disease process caused by the mNS prions. Nev- Figure 5 . PTAA staining of PrP deposits in single and mixed prion strains in brain cryosections. A, Spectra of PTAA bound to mCWD and mNS plaques (left panel). Correlation diagram of the ratio of light intensity emitted at 532/emission maximum (R 532/Emax ) and 532/641 (R 532/641 ) from PTAA bound to mCWD, mNS, or mNS/mCWD plaques in individual mice (right panel). B, C, Fluorescence images of PTAA bound to plaques in NS/mCWD-infected mice: a typical mNS plaque (B), and mCWD (yellow) and mNS (yellow-red) plaques (top panel) and hybrid plaques (bottom panel) in the corpus callosum region (C). Middle and right panels, Pseudocolor visualizations of the two distinct types of amyloid deposits after spectral unmixing show pixels that have the same spectrum: PTAA signals are represented in green (mCWD; green spectrum) or red (mNS; red spectrum). The hybrid plaques have a mCWD core in green (green arrow) and a mNS border in yellow-red (red arrow) (bottom left). D, E, Spectra (left panel) and correlation diagrams (right panel) of PTAA bound to mCWD and mBSE plaques (D), and mNS and mBSE plaques (E). F, G, Pseudocolor visualization of PTAA bound to mBSE (red) or mCWD (green) plaques in the mCWD/mBSE mice after spectral unmixing (F ) and mBSE (red) or mNS (red) plaques in the mNS/mBSE mice (G). mBSE and mNS show similar spectral profiles. Scale bars: B, C (bottom), F, 20 m; C (top), 50 m.
ertheless, the PTAA emission spectra revealed hybrid plaques, as well as the single mCWD and mNS plaques. All three plaque populations (hybrid, mCWD, and mNS) were maintained on passage. Together, the data indicate that the interaction of prion strains depended on the strains involved.
Our findings are consistent with those recently reported on the coexistence of two prion subtypes in sporadic CJD, in which patients that were methionine homozygous at codon 129 of the human prion gene (PRNP) were classified as either type 1, type 2, or a type 1-2 mixture . The lesion profiles, PrP Sc plaque morphology, and biochemical characteristics of the type 1-2 cases revealed the combined phenotypes of both the type 1 and type 2 cases. In the type 1-2 cases, type 1 and type 2 PrP Sc aggregates were either together in the same anatomic region or were present in separate regions, a finding similar to our results of the cooccurrence of mNS and mCWD in the corpus callosum, but not in other regions more permissive for only one strain. Therefore, one strain did not seem to attract a second strain to replicate in a new region. It would be of interest to assess whether the type 1-2 sCJD aggregates directly interact in regions of cooccurrence as we have observed with the mNS/mCWD mixture in mice.
Similar to our finding of both independent and hybrid mNS and mCWD plaques, ␣-synuclein and tau can also develop independently or together in patients and in transgenic mice with ␣-synuclein mutations, and can promote the fibrillization of each other in vitro (Giasson et al., 2003) . As we have found with prion strains, there is specificity to the interactions since A␤ was not able to induce tau filament formation (Giasson et al., 2003) .
mNS/mCWD mixture: scaffold model
Based on the results with the mNS/ mCWD mixture in mice, we propose a simplified model in which the early disease stages are characterized by replication of each strain in its preferred target site. Over time, the exponential growth of the rapid mNS strain would lead to a great excess of the mNS compared with the mCWD strain, enabling the mNS to populate and expand rapidly from the CWD plaques. The mNS may be exploiting the mCWD fibrils as a polymeric substrate on which to dock and polymerize, which would be consistent with the finding that many proteins, including PrP, fibrillize more efficiently in the presence of a polymer, such as RNA (Deleault et al., 2003 (Deleault et al., , 2005 Calamai et al., 2006) . Fibrillization studies using recombinant yeast prion protein indicate that fibrils elongate by monomer recruitment (Collins et al., 2004) and that individual amyloid fibrils maintain an extremely uniform structure (Come et al., 1993) . Our study is consistent with homotypic fibril formation (Duda et al., 2002) , in that the second passage of mNS/mCWD resulted again in distinct mCWD or mNS plaques and corpus callosum plaques consisted of a mCWD-like core and a mNS-like periphery. Although we cannot obtain molecular resolution of individual fibrils, the PTAA spectral analysis suggests that single-strain mCWD fibrils were acting as a scaffold for mNS, which led to a hybrid plaque.
Change in pathogenesis: mNS/mBSE interference in the hippocampus
The mNS and mBSE strains had similar PrP Sc aggregate morphologies and PTAA spectral profiles and could not be easily distinguished. Intriguingly, in the mNS/mBSE mixture, prion aggregates were not present in the hippocampus as is typical of the mNS strain, suggesting that either mBSE prevented mNS accumulation specifically in the hippocampus, perhaps because of the formation of mixed aggregates, or that a new strain had formed with a new lesion profile. The latter seems unlikely to occur on first passage with a mixture of the two strains and the mNS/mBSE mixture showed a lesion profile similar to the individual isolates. Although the mechanism is unknown, the ability of one strain to delay or block the replication of a second is not unprecedented and has been described for 22A and 22C strains of mouse scrapie (Dickinson et al., 1972 (Dickinson et al., , 1975 , HY and DY hamster strains of TME (Bartz et al., 2004 (Bartz et al., , 2007 , and SY and FU strains of mouseadapted CJD (Manuelidis, 1998; Manuelidis and Lu, 2003) . The individual strains maintained their biological phenotype within the mixture experiments, suggesting that no heterotypic fibrils or new strains were forming, which is consistent with our findings.
Using LCPs to distinguish prion strains and other proteinopathies
LCPs provide a useful tool to study protein aggregate interactions in histological sections. Although multiple prion strains have been detected through biochemical methods, a second strain may be concealed in the presence of one that is much more abundant (Polymenidou et al., 2005) . Since LCP emission spectra have been shown to distinguish systemic amyloids such as amyloid light chain and transthyretin (Nilsson et al., 2010) , this technique may be useful to investigate amyloid interactions in cases in which multiple amyloid proteins coexist. For instance, LCPs may be of use in clarifying the significance of amyloid cross-seeding, in which amyloid composed of one protein can induce the fibrillization of a different protein (Lundmark et al., 2005) . A more mechanistic understanding of amyloidogenic protein interactions could be useful in clarifying the risk factors common to protein misfolding and in designing therapeutic strategies to block amyloid formation.
Together, these studies demonstrate that prion strain interactions are highly selective and strain dependent, and may lead to hybrid plaque formation in regions in which both strains typically occur. Here, a second prion strain could delay the disease progression of the most rapid strain. In neurodegenerative diseases, multiple misfolded proteins commonly occur in the same brain region (Duda et al., 2002; Debatin et al., 2008; Ghoshal et al., 2009 ) and additional studies may help clarify whether hybrid plaques form and how they impact the pathogenesis.
